ABSTRACT We investigated how temperature and precipitation regime encountered over the life cycle of Aedes albopictus (Skuse) affects populations. Caged populations of A. albopictus were maintained at 22, 26, and 30ЊC. Cages were equipped with containers that served as sites for oviposition and larval development. All cages were assigned to one of three simulated precipitation regimes: (1) low ßuctuation regime -water within the containers was allowed to evaporate to 90% of its maximum before being reÞlled, (2) high ßuctuation regime -water was allowed to evaporate to 25% of its maximum before being reÞlled, and (3) drying regime -water was allowed to evaporate to complete container dryness before being reÞlled. Greater temperature and the absence of drying resulted in greater production of adults. Greater temperature in combination with drying were detrimental to adult production. These precipitation effects on adult production were absent at 22ЊC. Greater temperatures and drying treatments yielded higher and lower eclosion rates, respectively and, both yielded greater mortality. Development time and size of adults decreased with increased temperatures, and drying produced larger adults. Greater temperatures resulted in greater egg mortality. These results suggest that populations occurring in warmer regions are likely to produce more adults as long as containers do not dry completely. Populations in cooler regions are likely to produce fewer adults with the variability of precipitation contributing less to variation in adult production. Predicted climate change in North America is likely to extend the northern distribution of A. albopictus and to limit further its establishment in arid regions.
RESEARCH ON THE North American distribution of Aedes albopictus (Skuse), a container-dwelling mosquito introduced via shipments of tires from Asia (Hawley 1988; Hawley et al. 1987) , has focused on effects of biotic factors, such as interactions with other mosquito species (e.g., Livdahl and Willey 1991 , Juliano 1998 , Daugherty et al. 2000 , Teng and Apperson 2000 . It is likely, however, that regional differences in abiotic factors (e.g., temperature, precipitation, humidity) will have a major inßuence on its distribution in the United States (Teng and Apperson 2000) , as is the case for most organisms (Dunson and Travis 1991) . In temperate climates such as midwestern United States and Japan the active season for A. albopictus is late spring to early fall. Several studies have suggested that both winter and summer temperatures may affect population biology and distribution of this species (Nawrocki and Hawley 1987 , Teng and Apperson 2000 , Alto and Juliano 2001 .
Effects of active season temperature on mosquito life-history traits are well documented. Higher temperatures decrease embryonic (e.g., Trpis et al. 1973 ) and larval (e.g., Teng and Apperson 2000) development times, and decrease size of adults (e.g., Rueda et al. 1990 ). Regional differences in precipitation are also likely to affect the distribution of A. albopictus in the U.S. Mosquito abundance is often positively related to precipitation (e.g., Ho et al. 1971 , Lounibos 1981 , Sulaiman and Jeffery 1986 . Water levels in container habitats ßuctuate, and in many instances containers may dry completely (Lounibos 1985, Bradshaw and Holzapfel 1988) . As a container dries, density of larvae increases, potentially enhancing intraspeciÞc competition and resource limitation, resulting in increased larval development time and mortality, decreased adult size (e.g., Lord 1998) , and decreased adult longevity (Hawley 1985) . Mosquitoes occurring in containers that dry completely are directly affected by increased egg (e.g., Mogi 1992a, 1992b) and larval (e.g., Bradshaw and Holzapfel 1988) mortality due to desiccation, and effects on development time (Juliano and Stoffregen 1994) , and indirectly by reduced resource quality via resource drying (Aspbury and Juliano 1998) . Because temperature and precipitation covary regionally, experiments manipulating both of these factors are needed to deter-mine accurately how these abiotic factors inßuence A. albopictus.
In addition, distribution of A. albopictus may be affected by anthropogenic changes in regional temperature and precipitation regimes. Fossil fuel combustion and deforestation have increased the amounts of greenhouse gases (e.g., CO 2 , CH 4 , NO, O 3 ) in the atmosphere and these atmospheric changes are likely to increase the global average temperature by 2Ð 4.5ЊC by 2100 (IPCC 1995 , Mitchell et al. 1995 . Climate change is also likely to alter patterns of precipitation. Predicted changes in precipitation vary regionally, and have high uncertainty, but likely scenarios include the following: (1) greater annual precipitation, (2) more frequent summer droughts, (3) more precipitation in the cool season, and (4) more precipitation concentrated in major storms (e.g., IPCC 1995). Changes in both temperature and precipitation are likely to affect A. albopictus populations by altering reproductive and mortality rates (Lawton 1995 , Sutherst et al. 1995 , and may affect its distribution in the United States.
Exactly how current or future climate regimes affect A. albopictus (and other insects with complex life cycles) is difÞcult to predict because effects of climate may be stage dependent. For example, increased temperature results in increased probability of survival to adulthood and rapid larval growth and development (e.g., Teng and Apperson 2000) , however adults tend to be smaller (e.g., Rueda et al. 1990) , with correspondingly reduced fecundity (e.g., Nasci 1986 , Packer and Corbet 1989 , Day et al. 1990 ) and reduced longevity (e.g., Hawley 1985) . Temperature also affects leaf litter decomposition and microbial activity in aquatic habitats (reviewed by Webster and BenÞeld 1986) , and so affects resource availability to larvae. Interactions of effects of temperature and precipitation also render predictions of climatic effects on populations difÞcult. Thus, to predict effects of climate (or climate change) on spread and ultimate distribution and abundance of A. albopictus we need experiments examining the joint effects of temperature and precipitation across the entire life cycle.
Our objective was to test experimentally the hypothesis that temperature and precipitation regimes, acting across the entire life cycle of A. albopictus, affect population size and growth. SpeciÞcally, we predict that A. albopictus population growth will: (1) increase with temperature (due to more rapid larval growth and development); (2) increase as variability of water input to containers decreases; (3) and show nonadditive effects of temperature and precipitation, with combinations of high temperature and variable water input resulting in disproportionally low rates of population growth. This experiment will provide information on how regional differences in temperature and precipitation will affect the distribution of A. albopictus in temperate North America and may help to reÞne predictions about how climate change may affect the distribution of A. albopictus.
Materials and Methods

Laboratory Study
Source of Mosquitoes. Aedes albopictus used in this experiment were the F 1 progeny of Þeld collected larvae from East St. Louis, IL. Field collected larvae were reared on bovine liver powder in large plastic tubs of tap water. Newly eclosed adults were identiÞed and transferred to 0.6-m 3 cages maintained at 22Ð27ЊC and a photoperiod of 16:8 (L:D) h. Adults were allowed to mate freely and provided with continuous access to Ϸ10% sucrose solution and weekly blood meals from anesthetized laboratory mice (Juliano et al. 1993) . Eggs from this colony were used to initiate the experiment.
Experimental Protocol. Experimental populations of A. albopictus were housed in 20-liter plastic bucket cages, each with a cloth sleeve, and the top (diameter ϭ 22 cm) and two 19 by 22-cm side windows covered with 0.05-cm nylon mesh. Within each cage were four 200-ml plastic containers (5 cm in height). These served as sites for development of larvae and oviposition sites for adults. We used four containers per cage to maximize evaporation from the containers, thus facilitating application of the precipitation treatments (see below). Each container held 120 ml of a 2:1 mixture of water from tires:deionized water, and 1.50 Ϯ 0.05 g (dry mass after 24 h at 60ЊC) of Black locust, Robinia psuedoacacia (L.), leaves, broken into 1-cm 2 pieces. Tire water and leaves were collected from a single site near Bloomington, IL. Tire water was mixed and Þltered through a 70-m Þlter before its addition to experimental containers. Leaves were allowed to soak for 3 d before the addition to each container of 25 Þrst-instar (Ͻ24-h-old) A. albopictus hatched by the method of Novak and Shroyer (1978) . These 100 larvae were the initial cohort of A. albopictus added to each cage, and we did not add individuals to cages after this initial cohort. Larvae grew within the four containers, pupated, emerged as adults, mated, took blood meals, and oviposited within each cage, and it is the dynamics of adult production within each cage that we monitored.
Cages were randomly placed in three environmental chambers (Percival I-35VL) set at constant temperatures 22, 26, and 30ЊC and a photoperiod of 16:8 (L:D) h. Positions of cages within each environmental chamber were systematically rotated each week to reduce effects of within-chamber variation in temperature. We measured relative humidity within each environmental chamber 22 times throughout the course of the experiment using humidity pens (Fisher) placed outside the cages. Mean relative humidities were similar for 22ЊC (mean Ϯ SE ϭ 83.77 Ϯ 0.71%) and 26ЊC (84.05 Ϯ 0.89%), and slightly lower for 30ЊC (72.77 Ϯ 1.09%).
Equal number of cages within each temperature were randomly assigned to one of three precipitation regimes designed to simulate different regular inputs of precipitation to containers: (1) low ßuctuation regimeÑwater within the containers was allowed to evaporate to 90% of its maximum before containers were reÞlled to 120 ml, (2) high ßuctuation regimeÑ water was allowed to evaporate to 25% of its maximum before containers were reÞlled to 120 ml, and (3) drying regimeÑwater was allowed to evaporate to complete container dryness (ϭabsence of water, even if leaf litter was moist). Containers remained dry for 5 d, then were reÞlled to 120 ml. ReÞlling containers with deionized water induced hatches of eggs oviposited on container walls and the resulting additional cohorts of larvae developed within containers. In the low ßuctuation regime, eggs were submerged by water shortly after being oviposited, whereas in the high ßuctuation or drying regimes, eggs remained on the walls of the containers for long periods before being inundated. We expect differences in the timing of reÞlling events to affect size of hatches, larval densities, age structure of larvae, and egg mortality. There were three replicates of each temperature-precipitation combination (9 cages per environmental chamber, 27 total cages).
Adults within cages were provided with Ϸ10% sucrose solution and weekly blood meals from anesthetized laboratory mice, using methods similar to those for our laboratory colony. The experiment ran for 105 d, long enough for the production of several overlapping generations of adults within each cage. The Þrst cohort of adults produced was distinct, but as eggs were deposited and containers were ßooded, cohorts of larvae overlapped, as did the cohorts of adults they eventually produced.
Data Collection and Analysis. We checked cages daily for pupal exuviae and dead adults, and we recorded any adults that escaped the cage (which were killed and treated as mortality). Sex of newly eclosed adults was determined by examining the pupal exuviae at 16ϫ magniÞcation. Some pupal exuviae, escaped adults, and dead adults may not have been recorded. A comparison of the actual versus estimated number of adults remaining at the end of the experiment showed that our estimates deviated from the actual number of adults by a mean Ϯ SE of 21.22 Ϯ 3.64%. For most cages, our estimate of number of adults was an overestimate, suggesting that some mortality went undetected. Cages subjected to drying yielded underestimates, perhaps due to failure to recover pupal exuviae from containers that frequently have low water levels, which may obscure pupal exuviae among the leaves.
In seven of the original 27 cages, there was massive mortality of larvae early in the experiment, and these cages failed to yield sufÞcient numbers of adult females to produce subsequent generations. These failures were not signiÞcantly related to temperature or to precipitation input (Fisher exact tests, P Ͼ 0.10). Therefore, these cages were excluded from the analysis and nine new cages were established and manipulated for 105 d using identical methods. For all analyses, we evaluated scatter plots of residuals versus predicted values and found no evidence that new and old cages differed for any measured variable (Draper and Smith 1966) . We therefore combined old and new cages into a single analysis.
We analyzed this experiment using two-way analysis of variance (ANOVA) or multivariate analysis of variance (MANOVA), with temperature, precipitation, and interaction as effects. The main effect of temperature presented a statistical problem because temperature was manipulated for the entire environmental chamber, not for each cage. Because we lacked the facilities to replicate temperatures across multiple chambers we are forced to assume that interchamber variation (other than temperature) is negligible, to use error (i.e., variation among cages within the same temperature-precipitation combination) to test for the main effect of temperature. This assumption is often made in analyses of effects of temperature (e.g., Rueda et al. 1990, Teng and Apperson 2000) . For all analyses, raw data met assumptions of normality and homogeneous variances unless otherwise stated. For ease of interpretation, raw data will be presented for any analysis requiring transformation. For all two-way analyses, signiÞcant interactions were further analyzed by univariate or bivariate (Scheiner 1993) pairwise contrasts of precipitation regime within temperature treatments (e.g., dry, 25%, and 90% regimes at 22ЊC) using the sequential Bonferroni method, with experimentwise ␣ ϭ 0.05 (Rice 1989) . SigniÞcant main effects in the absence of interaction were further analyzed by univariate or bivariate contrasts of pairs of main effect means (sequential Bonferroni for bivariate contrasts and Ryan-Einot-Gabriel-Welsch test for univariate contrasts, SAS Institute 1989).
Production of Adults. Two variables, the number of dead and escaped adults collected during the experiment (hereafter referred to as During), and the number of living adults remaining at the end of the experiment (referred to as End), were used in a MANOVA with proÞle analysis, with temperature and precipitation regime as Þxed effects (SAS Institute 1989 , Scheiner 1993 , von Ende 1993 . This MANOVA tested for differences in cumulative production of adults among treatments and also for differences in the pattern of adult production (i.e., relative numbers During and End). We determined which of the variables contributed most to signiÞcant MANOVA effects using standardized canonical coefÞcients as described by Scheiner (1993) . Standardized canonical coefÞcients are scaled eigenvectors (analogous to a least-squares regression of multivariate means) that quantify the relative contribution of each dependent variable to multivariate effects and the relationship among dependent variables (positive or negative) (Scheiner 1993) . We used proÞle analysis to test hypotheses concerning "parallelism" (i.e., is the difference During -End affected by treatments?) and "levels" (i.e., is the sum During ϩ End affected by treatments?) (von Ende 1993) .
Adult Mortality and Eclosion Rates. For all populations, eclosion of individuals in the Þrst and second cohorts were separated by a distinct time gap of several days. For each replicate cage, we determined the overall mortality rate of adults (sexes pooled) from the start of emergence of the second cohort to the end of the experiment. We estimated number of adults per cage on day t as N t ϭ N t-1 ϩB t ÐD t , where B t ϭ number of adults eclosing on day t (exuviae recovered from all four containers), and D t ϭ number of dead adults on day t (recovered bodies ϩ any escapes). Per capita daily mortality rate was then D t /N t-1 , and per capita daily eclosion rate was then B t /N t-1 . A MANOVA with average daily mortality and eclosion rates (i.e., averaged over the course of the experiment) as the variables was used to determine how temperature and precipitation affect these variables. Mortality rate was reciprocally transformed to meet the assumption of normality.
Development Time and Size. For each replicate cage, we determined the median time to eclosion for males and females in the Þrst cohort. For both sexes, median development times were log transformed to meet the assumption of normality and were analyzed by twoway ANOVA.
We determined the size of adult females by measuring wing lengths of a sample of adults obtained from each cage during the experiment (mean n ϭ 12 females) and a sample of living adults at the end of the experiment (n ϭ 10 females). Wing lengths were measured from the proximal edge of the costa to the distal end of the R 2 vein (adults dried for Ն24 h at 60ЊC). When possible, we used the mean of the right and left wing lengths, which were measured by a computer imaging system with Image-Pro Plus software (Media Cybernetics, L.P. version 3.0, 1993Ð1997). Due to the large number of damaged adults, the day on which adults were collected was highly variable. To account for variation in adult size due to the day on which adults were collected, we determined the residual wing length for those adults from a regression for wing length versus time (d). Next, we used a MANOVA with two variables (During and End) to detect any treatment effects on wing length. Mean residual wing length was used for the variable ÔDuringÕ and mean wing length was used for the variable ÔEnd.Õ Egg Mortality. We determined egg mortality by sampling eggs remaining on the walls of the containers at the end of the experiment. We cut 0.5 by 5.0-cm vertical strips from each container (Ϸ200 eggs per container, four containers per cage) and counted the number of unhatched eggs. These strips were then submerged in water to induce a hatch, using methods similar to those used in hatching the Þrst cohort. After 24 h, the number of new hatchlings was subtracted from the number of unhatched eggs to obtain an estimate of egg mortality. Eggs were not examined for fertility. Therefore, our estimate of egg mortality may be greater than actual egg mortality. Proportion mortality for a cage was calculated as the sum of hatchlings produced subtracted from the sum of unhatched eggs, divided by the sum of unhatched eggs for the four containers. Because cumulative egg mortality was positively related to time of assay, we recorded the day on which eggs were assayed, with day 0 ϭ the day the experiment was terminated. Egg mortality was significantly related to time of assay (see Results), and graphical analysis indicated a clearly nonlinear relationship. Therefore, we ran a logistic regression (Glantz and Slinker 1990) of proportion egg mortality versus time of assay (d) to obtain the residual mortality, which enabled us to remove any effect of assay time on egg mortality. Mean residual mortality for the four containers was then analyzed by a two-way ANOVA.
Cumulative Adult Production and Cumulative Water Volume. We determined the cumulative volume of water added to each cage (all four containers) and tested for a relationship across all cages between cumulative water added to a cage and cumulative number of adults produced. This analysis enabled us to determine whether or not adult production (per cage) was related to the amount of water treatments received. We ran a linear regression (all treatments) of cumulative adult production versus cumulative water volume added.
Interval of Time Between Water Addition. Most containers received water multiple times. For each cage, we determined the mean interval of time (d) between water additions for all four containers. Mean intervals between additions were analyzed by a two-way ANOVA.
Field Study
Study Site and Data Collection. We conducted a parallel Þeld study to relate our temperature and precipitation treatments to the conditions encountered by A. albopictus in the midwest. We monitored weekly water temperature and drying rates at two sites in East St. Louis, IL, where A. albopictus immatures inhabit abandoned auto tires. Both sites consisted of Ϸ150 Ð 300 discarded tires in disorganized piles. We chose at random tires that were near the surface, and exposed to direct sun for most of the day. We included tires both at the center and at the edges of the tire pile. The Þrst site was along a railroad right-of-way, with surrounding vegetation consisting mostly of small poplar, Populus sp., and poison sumac, Rhus vernix (L.), and was monitored from 1 to 29 July 1998. The second site was in a residential area, with the surrounding vegetation consisting of sugar maple, Acer saccharum (Marsh.), and willow, Salix sp., and was monitored from 17 August to 11 October 1998, after tires of the Þrst site were removed in a clean-up program.
We chose at random 16 tires at site 1 and eleven tires at site 2, and removed their contents. We afÞxed plastic rulers to the inside of each tire, and then calibrated each tire, so that a given depth on the ruler corresponded to a known volume, by adding water in 250-ml increments and then recording the depth. We repeated this process until the tire was at its maximum volume. After tires had been calibrated, we returned the original contents. We checked tires weekly between 0900 and 1300 hours to record water depth and temperature. We also obtained mean daily ambient air temperature and precipitation records for this county from the Illinois State Climatologist ofÞce.
For each observed depth, we estimated volume by linear interpolation between calibration values, determined the corresponding percent of maximum wa-ter volume, and the interval of time (d) for tires to be reduced to 90 and 25% of maximum water volume, and to dry completely (no standing water). For each site, on a weekly basis, we determined the proportion of tires that had volumes of water Ն25%, Ն90%, and dry. We determined the mean water temperature for all tires for the duration of the monitoring period.
Results
Laboratory Study
Production of Adults. MANOVA indicated signiÞ-cant temperature, precipitation, and temperatureprecipitation effects for adult production ( Table 1) . The magnitudes of standardized canonical coefÞcients (abbreviated SCC:During ϭ 2.13, End ϭ Ϫ0.59) showed that adults produced During the experiment contributed the most to the differences among temperature-precipitation combinations. The opposite signs of the SCCÕs showed that there was a negative relationship between numbers of adults produced During versus those remaining at the End of the experiment (Fig. 1) . Bivariate pairwise contrasts showed that 26ЊC/25% regime had signiÞcantly greater production of adults than did 26ЊC/dry regime, with the number of adults remaining at the End of the experiment strongly contributing to this pairwise difference (SCC: During ϭ 0.48, End ϭ 2.42). Also, 30ЊC/25% and 30ЊC/90% regimes produced signiÞcantly more adults compared with 30ЊC/dry regime, with the number of adults produced During the experiment contributing most to the difference involving the 30ЊC/90% regime (SCC: During ϭ 1.88, End ϭ 0.77) and both the number of adults produced During and End contributing strongly to the difference involving the 30ЊC/25% regime (SCC: During ϭ 1.48, End ϭ 1.52) (Fig. 1) . All other bivariate pairwise contrasts were not signiÞcant. In general, dry treatments produced fewer adults than did 25% or 90% treatments (Fig. 1) , and 30ЊC yielded fewer adults at the End but more adults During the experiment compared with 22ЊC, with 26ЊC intermediate (Fig. 1) .
ProÞle analysis on sum production of adults (During ϩ End) also indicated signiÞcant temperature, precipitation, and temperature-precipitation effects (Table 1 ). The strongest effect on sum production of adults was that of precipitation (Table 1) , and this is evident in the Fig. 1 by the location of bivariate means nearer the origin, indicating low numbers of adults both During and at the End of the experiment (dry), or farther from the origin, indicating high numbers of adults both During and at the End of the experiment (25% and 90%). Pairwise contrasts yielded results identical to those of the main MANOVA, with one additional signiÞcant effect: 26ЊC/90% regime had signiÞcantly greater production of adults compared with 26ЊC/dry regime.
ProÞle analysis on difference in production of adults (During -End) yielded signiÞcant effects of temperature and temperature-precipitation, but the effect of precipitation was marginally nonsigniÞcant (Table 1) . The strongest effect on the difference was that of temperature (Table 1 ) and this is evident in Fig. 1 by the location of bivariate means radially, either nearer to the vertical axis, indicating relatively more adults alive at the End of the experiment (22ЊC) or nearer to the horizontal axis, indicating relatively more adults recovered During the experiment (30ЊC). The only signiÞcant pairwise difference was between 30ЊC/90% and 30ЊC/dry regime.
Adult Mortality and Eclosion. Mortality and eclosion rate were signiÞcantly affected by temperature and precipitation treatments (Table 1) . Greater temperatures resulted in greater mortality and eclosion rates (Fig. 2a) . Bivariate contrasts showed that all three temperature treatments were signiÞcantly different from one another with mortality rate contributing the most to those differences (SCC: mortality ϭ 2.17, eclosion ϭ Ϫ0.12). For the precipitation effect, bivariate contrasts showed that drying treatments yielded signiÞcantly greater mortality rates and lower eclosion rates than did 90% regime, with mortality rate contributing the most to the difference (SCC: mortality ϭ 2.16, eclosion ϭ 0.12) (Fig. 2b) . Development Time and Size. Median time to eclosion for the Þrst cohort was signiÞcantly affected only by temperature for both males (F ϭ 15.53; df ϭ 2, 20; P ϭ 0.0001) and females (F ϭ 27.03; df ϭ 2, 20; P ϭ 0.0001). Univariate contrasts showed that both sexes developed signiÞcantly more slowly at 22ЊC compared with 26 and 30ЊC (Fig. 3) . Precipitation and the interaction of temperature-precipitation effects were not signiÞcant.
Size of adult females was signiÞcantly affected by temperature and precipitation treatments (Table 1) . Bivariate contrasts showed that all three temperature treatments were signiÞcantly different from one another with greater temperatures yielding smaller wing lengths (Fig. 4a) . For the precipitation effect, bivariate contrasts indicated that females in the dry treatment had signiÞcantly larger wings than did females in the 90% precipitation regime (Fig. 4b) . For both the temperature (SCC: During ϭ 2.10, End ϭ 0.18) and precipitation (SCC: During ϭ 2.10, End ϭ 0.19) effects, the residual wing length measured for those females collected During the experiment contributed the most to the effects.
Egg Mortality. Egg mortality was signiÞcantly related to the time of assay (logistic regression 2 ϭ 107.1, df ϭ 1, P ϭ 0.0001). Proportion egg mortality was signiÞcantly affected only by temperature (F ϭ 24.58; df ϭ 2, 20; P ϭ 0.0001), with greater temperatures yielding greater proportion egg mortality. Univariate contrasts showed that all three temperatures were signiÞcantly different from one another (mean Ϯ SE, 30ЊC ϭ 0.90 Ϯ 0.02, 26ЊC ϭ 0.71 Ϯ 0.05, 22ЊC ϭ 0.50 Ϯ 0.04). Precipitation and the interaction of temperature-precipitation effects were not signiÞcant.
Cumulative Adult Production and Cumulative Water Volume. Regression of cumulative adult production per cage versus cumulative water added per cage showed no signiÞcant relationship (F ϭ 1.17; df ϭ 1, 27; P ϭ 0.2893; r 2 ϭ 0.0415). Interval of Time Between Water Addition. Timing of water additions was signiÞcantly affected by temperature (F ϭ 235.66; df ϭ 2, 20; P ϭ 0.0001), precipitation (F ϭ 405.57; df ϭ 2, 20; P ϭ 0.0001), and the interaction of temperature-precipitation (F ϭ 30.45; df ϭ 4, 20; P ϭ 0.0001). Time between water additions decreased with temperature, and decreased in sequence from 90 to 25% to drying precipitation regimes (Fig. 5) .
Field Study
Water Volume. For both sites, the periods of time required for tire water volume to be reduced to 90%, 25% of maximum, and for drying were within the same range as the corresponding intervals of time for containers in the laboratory study to be reduced to these volumes (Fig.  5) . At site 1 in particular, mean temperature and drying times were very similar to those in the 30ЊC treatments in the laboratory (Fig. 5) . At site 2, time to reach 90% was not estimable as water volumes were always Ͻ90%. At both sites, a high proportion of the tires had volumes Ͼ25%, and only a few weekly samples resulted in volumes exceeding 90% (Fig. 6) . At both sites, complete drying of tires occurred, but the frequency of occurrence differed among sites. For site 1, Ͼ60% of tires went dry within a four-week period, whereas at site 2 a period of 8 wk elapsed before a small proportion of the tires went dry (Fig. 6) .
Temperature. Daily ambient air temperature was closely related to weekly water temperatures at both sites (Fig. 7) . For much of the sample period, temperatures fell within the range used in the laboratory study (Fig. 7) .
Discussion
Results from this experiment clearly demonstrate that both temperature and precipitation affect population dynamics of A. albopictus. High temperatures resulted in greater production of adults during the experiment, but fewer adults remaining alive at the end of the experiment (Fig. 1) . At low temperatures the reverse was true. These temperature-dependent differences in adult dynamics could be explained by temperature effects on either daily eclosion rates or daily adult mortality rates.
In this experiment, decomposing leaf litter that served as the resource base for larvae was added only once, simulating container habitats in the temperate zone, which typically receive a single large annual input of leaves (Kitching 1971) . Because microbial activity and decomposition rate are positively related to temperature (Webster and BenÞeld 1986) , the pattern of greater production of adults early and lower numbers late at high temperatures may be a result of more rapid microbial growth, and correspondingly more rapid depletion of resources at higher temperatures. Higher temperature (d) between water additions for containers in the lab experiment and mean time for tires to decrease to Յ90%, Յ25%, and dry for Þeld sites 1 and 2. No estimate was calculable to 90% at site 2 because no tires had volumes Ͼ90%. Points lacking error bars indicate standard errors that were too small to appear on the graph. yielded shorter development time for the Þrst cohort (Fig. 3) , and both higher average adult mortality and eclosion rates, with mortality rate making the larger contribution to this temperature effect (Fig. 2a) . Therefore, in this experiment, temperature effects on adult mortality appear to be the most important factor producing temperature-dependent differences in numbers of adults.
These temperature-dependent differences in adult populations were also dependent on the precipitation regime. At 26 and 30ЊC, the drying treatment severely reduced adult production ( Fig. 1) . High temperature and drying were both associated with greater per capita mortality rate (Fig. 2) . Smaller population sizes at high temperatures and drying regimes may result from increased desiccation of adults and thus higher mortality (Fig. 2) (Reeves et al. 1994 , Mogi et al. 1996 , rapid depletion of the pulse of resource added at the beginning, and by negative effects of habitat drying on resource quality (Aspbury and Juliano 1998). These precipitation effects on adult production are absent at 22ЊC (Fig. 1) . Fig. 6 . Proportions of tires at sites 1 and 2 that have tire water volumes Ն90%, Ն25%, and dry. Fig. 7 . Mean daily ambient air temperatures and weekly water temperatures for sites 1 and 2. Mean water temperatures for sites 1 and 2 were determined over the entire monitoring period. For sites 1 and 2, points lacking error bars indicate standard errors that were too small to appear on the graph.
The absence of a signiÞcant regression of cumulative number of adults versus cumulative water volume added demonstrates that differences in production of adults are not simply the result of more cumulative water added producing more adults. Rather, the pattern of precipitation (i.e., 90%, 25%, and dry regimes) is a key determinant of production of adults. In this experiment, it appears that variation in precipitation input has little effect on the size of the adult population unless there is complete drying of the aquatic habitats.
Previous studies have shown that habitat drying has a variety of negative effects on container dwelling mosquitoes (Bradshaw and Holzapfel 1988; Mogi 1992a, 1992b; Juliano and Stoffregen 1994; Mogi et al. 1996; Aspbury and Juliano 1998) . In this experiment, we expected that drying regimes coupled with high temperatures would greatly increase egg mortality due to desiccation Mogi 1992a, 1992b ). Although we did Þnd an increase in egg mortality with increasing temperature, we failed to detect differences in egg mortality among precipitation regimes. Drying also caused considerable mortality of larvae and pupae. On occasion we did observe older larvae (III and IV) surviving a 5-d dry period at 22ЊC and 26ЊC, presumably in damp leaf detritus. Such survival was never observed at 30ЊC, suggesting that high temperatures enhanced the mortality effect of habitat drying. Also, in this experiment, although adult size decreased with increasing temperature, we found no evidence that adults in more variable precipitation regimes (i.e., 25% and dry) were smaller compared with adults in less variable precipitation regimes (i.e., 90%) (Fig. 4) , as would be expected if low water volumes enhanced crowding and competition. On the contrary, in the most variable precipitation regime (i.e., dry), adults were signiÞcantly larger than those in the 90% regime. Thus, the principal detrimental effect of habitat drying seems to be direct mortality of the aquatic stages.
Our Þeld results suggest that temperature treatments used in the laboratory experiment closely parallel mean water and air temperatures in and around tires during the active season in the vicinity of East St. Louis (Fig. 7) . Single measurements of water temperature may not accurately describe the daily thermoperiods, nevertheless, the water and mean air temperatures are similar (Fig. 7) . Also, Þeld results indicate that precipitation regimes like those used in the laboratory experiment occur in the midwest, and that most tire water volumes ßuctuate between 25% and 90% of their maximum volume (Fig. 6) . The amount of time for tires to dry at site 2 in autumn was nearly twice that of site 1 in summer and the mean water temperature at site 2 was much lower due to differences in season (Fig. 5) . Although the sample period for site 2 was over twice as long as that for site 1, cumulative precipitation was similar for the two sites (site 1 ϭ 112.0 mm, site 2 ϭ 108.5 mm). This result suggests, as observed in the laboratory experiment (Fig. 5) , that differences in temperature are the primary reason for the different drying times. Conditions in the Þeld were quite variable, in part because the initial water volumes were variable. Nonetheless, drying times in the Þeld were within the range produced in the laboratory experiment.
Results from these studies may provide a basis for understanding current and future distribution of A. albopictus in North America. Prior results suggest that a temperature of Ϸ26ЊC alone is likely to enhance the performance and spread of A. albopictus in North America by increasing intrinsic rates of increase of adult populations (Alto and Juliano, 2001) . In the present experiment, greater temperature coupled with 25 or 90% ßuctuation regimes increased overall production of adults (Fig. 1) . However, high temperatures in combination with drying regimes produced strong detrimental effects on adult production (Fig.  1) . Therefore, populations of A. albopictus in warmer temperate regions with greater probability of summer drought (e.g., southern United States, Bradshaw and Holzapfel 1984) are likely to have greater production of adults as long as container habitats do not dry completely. Increasing frequency of habitat drying would be expected to cause lower production of adults. In contrast, populations in cooler, wetter temperate regions (e.g., northern United States) are likely to have somewhat lower production of adults, with the variability of precipitation contributing relatively less to variation in production of adults.
Climate change in North America is likely to alter the distribution of A. albopictus. Because resolution of general circulation models (GCMÕs) diminishes at smaller scales, it is difÞcult to make quantitative predictions of the effects of climate change on local precipitation patterns (IPCC 1995) , resulting in uncertainty about how A. albopictus will be affected. If some of the broad-scale predictions of GCMÕs are borne out (e.g., increased average temperature and frequency of summer droughts), we may expect that more arid climates will become relatively more common and perhaps limit the spread of A. albopictus. Predicted climate changes are also likely to cause a northward shift in the current distribution of A. albopictus (Nawrocki and Hawley 1987) by decreasing winter mortality (Pumpuni et al. 1992 , Focks et al. 1994 , Hanson and Craig 1995 due to a decrease in the number of winter days with extremely low temperatures. Our data suggested that warmer summer temperatures, if precipitation remains dependable, will also contribute to the northern expansion of A. albopictus. Although our study provides some information on how abiotic factors may inßuence the performance and distribution of A. albopictus, it is likely that biotic factors will also play an important role in shaping A. albopictus distribution. Species interactions are likely to be altered by climate change (Ives and Gilchrist 1993) rendering prediction of range expansion complex. Experiments incorporating both biotic and abiotic factors are needed to provide more accurate predictions of the ultimate distribution of A. albopictus in North America.
